Seeds from natural populations of fierce thornapple and velvetleaf collected in a corn-growing area in central Spain were incubated at a range of constant temperatures and water potentials to model the progress of germination on the basis of the accumulation of hydrothermal time. Previous to the germination tests, the seeds were treated in two different ways: (1) dark storage under dry conditions (nonchilled seeds), and (2) burying in the original soil at 10-cm depth during 2 mo in winter (naturally chilled seeds). The results indicated different mechanisms inhibiting germination in both weed species. Whereas fierce thornapple displayed some type of embryo dormancy, the lack of germination in velvetleaf appeared to be entirely due to the seed coat. On the other hand, significant differences between nonchilled and naturally chilled seeds in fierce thornapple were observed, mainly due to the decrease in the mean base water potential of the 50th percentile in the latter, which indicated a loss of dormancy by exposure of the seeds to natural conditions. Hydrothermal time appears to be a good description of the germination patterns in both weed species, but in the case of fierce thornapple, only for naturally chilled seeds. Thus, the development of the hydrothermal model in fierce thornapple raises some questions for consideration concerning the influence of the type of seeds (conditions of storage, pretreatments of the seeds before germination tests) on its germination capacity. Nomenclature: Fierce thornapple, Datura ferox auct. non L. DATFE; velvetleaf, Abutilon theophrasti Medik. ABUTH; corn, Zea mays L. Key words: Weed population dynamics, population-based threshold models, dormancy.
Two of the main broadleaf species causing weed problems in corn crops in central Spain are fierce thornapple and velvetleaf. The success of these species is attributable to poor weed control by PRE herbicides as well as their ability to produce a high number of seeds per plant (Ballaré et al. 1987; Zanin and Sattin 1988) . The inefficiency of these herbicides on these annual species, in addition to the environmental pressures for reducing the use of residual pesticides, make it necessary to develop nonresidual alternatives for weed control such as the use of POST herbicides or mechanical weeding. The efficacy of these POST treatments is dependent on timing and duration of a flush of weed emergence and the precise moment of these treatments is important to maximize their effect, avoiding the need for subsequent applications (Grundy 2003) . Therefore, understanding weed population dynamics and the germination response to environmental conditions is vital to the development of sustainable weed management systems.
Soil moisture and temperature are likely to be the major determinants of seed germination patterns and so these two driving factors can be used as the basis of seed germination models. In this sense, the concept of hydrothermal time (Gummerson 1986 ) has been initially used to successfully describe the germination time course of crop species (Alvarado and Bradford 2002; Bradford 1990; Dahal and Bradford 1994; Finch-Savage et al. 1998; Rowse and Finch-Savage 2003) . Subsequent studies have developed this concept to predict the effects of temperature and water potential on weed seed germination response (Bair et al. 2006; Christensen et al. 1996; Grundy et al. 2000; Roman et al. 1999; Shrestha et al. 1999) .
Although the hydrothermal time parameters (hydrothermal time constant, base temperature, mean base water potential and its standard deviation) were considered constant for a seed population, it has been shown that this approach does not describe adequately germination curves produced in the complete range of temperatures and water potentials. In fact, this model can accurately describe seed germination time across the range of suboptimal temperatures, but not precisely at supraoptimal temperatures where an increased value of mean base water potential (i.e., the average water potential threshold below which germination will not occur) with increasing temperatures has been observed (Alvarado and Bradford 2002; Bradford and Somasco 1994) . Kebreab and Murdoch (1999) suggested that changes in base water potential of a seed population could be responsible for the delay and inhibition in this range of supraoptimal temperatures. This can be interpreted so that the progressive decrease in mean base water potential may be related to a progressive loss of dormancy in a seed population (Bradford 1995) . Therefore, the hydrothermal time concept can also be applied to characterize dormancy loss in seed populations as well as the speed and uniformity of germination in several weed species (Allen and Meyer 2002; Alvarado and Bradford 2005; Bradford 2002; Christensen et al. 1996; Meyer et al. 2000) .
Through this study we expected to gain a basic knowledge of the ecological behavior of fierce thornapple and velvetleaf in corn crops of central Spain. The main objective was to develop predictive germination models of these species on the basis of the accumulation of hydrothermal time. The paper reports on experimental tests investigating the germination response over a range of constant temperatures with different water potential levels. Two types of seeds of each species were used in the experiments: (1) seeds stored at constant temperature and humidity, and (2) seeds exposed to the natural environment as a conditioning period to stimulate germination by dormancy loss. Hence, a second objective was to determine the effects of the seed conditioning on the hydrothermal time parameters and, specifically, on the mean 
Materials and Methods
Seed Material. Mature seeds of fierce thornapple and velvetleaf were harvested in three different years (November of 2004 (November of , 2005 (November of , and 2006 ) from natural populations growing on corn fields at the CSIC experimental farm ''La Poveda'' (40u199N, 3u299W, elevation 535 m) in central Spain. Seeds were air-dried at room temperature for 15 d to a water content of less than 10% (dry weight basis). The seeds were stored in sealed plastic jars at 3-5 C in the dark in dry conditions (hereafter nonchilled seeds) before use. In parallel with the storage, subsamples of seeds from fierce thornapple collected in 2004 and 2005 and from velvetleaf collected in 2005 were pretreated by burying them at a depth of 10 cm in the original soil, inside plastic bags with a mesh of 1 mm (hereafter naturally chilled seeds). The natural chilling was carried out during 2 mo, from February 6 to April 6 of 2006 (Figure 1 ), under spontaneous vegetation established in that site. After exhuming, seeds were stored under dark and dry conditions in sealed plastic jars at 3-5 C until used. This was intended to aid the loss of dormancy (mainly in fierce thornapple seeds) by exposure of the seeds to field conditions. In a previous work (Botto et al. 1998) it was found that burial in a soil with vegetation cover at 10-cm depth during winter season released seeds of fierce thornapple from dormancy.
Germination Experiments. Before using the seeds in the germination experiments, the seeds were subjected to surface disinfection, which consisted of a treatment with 3.2% fichlor 1 during 30 min. Preliminary studies showed that this concentration and time were the most effective to disinfect seed coats of both species.
The presence of dormancy in fierce thornapple and velvetleaf seeds was tested in preliminary germination experiments by comparing: (1) control seeds without any treatment; (2) seeds in a mixture of 42 mM of fluridone 2 and 100 mM of gibberellin 3 ; and (3) pricked seeds, such that part of the seed coat cover was manually removed with a scalpel. The incubation conditions for the preliminary studies were 20 C and 0 MPa of water potential.
Seed germination (i.e., visual appearance of the radicle of at least 1 mm) was recorded on four replications of 50 seeds placed on a double layer of filter paper in a 9-cm petri dish in all combinations of six temperatures (4.9, 10.0, 15.5, 19.7, 25.0, and 30.8 C) and six water potential levels (0, 20.25, 20.5, 20.75, 21.0, and 21.25 MPa) . Seeds were pricked before germination tests (preliminary tests had shown that germination significantly increased after pricking; see Table 1 ). Water potentials were maintained using the appropriate strength solution of polyethylene glycol 4 (PEG). Each petri dish received 3.5 ml of the appropriate PEG solution, taking precautions to ensure that the ratio of filter paper to PEG solution was sufficient to account for the filter paper exclusion objection made by Hardegree and Emmerich (1990) . Individual petri dishes were sealed and placed in resealable polyethylene bags (13 by 11.5 cm) to avoid evaporation and changes in the water potential of the solutions during the period of the experiment. The temperature of the incubators was monitored every 30 min by using temperature sensors linked to a data logger.
5 Seeds were removed as they germinated, at daily intervals initially and less frequently as germination declined. Recording on the lower-temperature treatments was allowed to continue for approximately 3 mo, whereas those at higher-temperature treatments were terminated after 3 to 6 wk (until germination stopped completely).
Hydrothermal Time Model and Parameter Estimation. A population-based threshold model approach was considered in the present study to describe seed responses to temperature and water potential. In this approach, it is assumed that, whatever the conditions, seeds will always germinate in the same order, so that each seed can be assigned a value of G, which is the specific percentile or fraction of the population at which it germinates (Rowse and Finch-Savage 2003) . Although seeds in a population take different times to germinate, the model assumes that they all require the same amount of hydrothermal time. This amount is the hydro- Control 2 6 1.7* 5 6 2.6 11 6 3.6 6 6 6.0 0 6 0.0 1 6 1.0 2 6 1.7 1 6 0.9 Fluridone + GA 7 6 4.2 13 6 6.1 41 6 14.8 N.O. 4 6 3.0 1 6 1.0 2 6 1.7 3 6 1.7 Pricking 30 6 7.1 53 6 5.9 68 6 4.7 73 6 10.3 14 6 11.0 98 6 0.9 98 6 4.3 99 6 1.7 thermal time constant (h HT ), which is a function of the extent to which the constant water potential (Y) and constant suboptimal temperature (T) of the specific seed percentile (G) exceed bases (Y b , T b ) below which germination tends to zero (Gummerson 1986) :
where t(G) and Y b (G) are the germination time and base water potential of the specific seed percentile (G). Like the hydrothermal time, the base temperature (T b ) is assumed constant. Only the base water potential (Y b ) varies with (G) so that the variation in germination time t(G) is entirely caused by the variation in Y b (G). Consequently, knowing the distribution of base water potentials within the population, it is possible to describe seed response of the whole population.
Assuming that Y b (G) is normally distributed in the seed population, it can be represented by a mean (e.g., the mean base water potential of the 50th percentile Y b [50] ) and standard deviation (s Yb ). By incorporating these parameters in Equation 1 (Rowse and Finch-Savage 2003) :
This approach has been shown to adequately describe germination patterns in a wide range of suboptimal constant temperatures (Dahal and Bradford 1994; Roman et al. 1999; Shrestha et al. 1999) . Nevertheless, the hydrothermal time model must be able to describe seed germination at both suband supraoptimal temperatures. The optimum temperature is defined as the temperature at which the germination rate (GR 5 1/t[G]) is maximum. There is a lower temperature (T d ) that represents the upper limit at which Equation 2 applies. Between T b and T d , GR is directly proportional to temperature, but progressive increases in temperature produce smaller and smaller increases in GR until the optimum temperature, where no increase in GR is produced by the increase in temperature. Rowse and Finch-Savage (2003) proposed a method on the basis of empirical data to use Equation 2 above T d . They found that Y b (50) tended to be constant below T d , and increased linearly with temperature at higher temperatures. Assuming that the normal distribution of Y b (G) within the population remains constant (the authors did not find significant differences between the standard deviation of Y b [G] calculated at each temperature), Equation 2 can be extended to describe all temperature ranges using the following equation:
in which the effective base water potential for any fraction of the population (G) is defined as:
where Y b (G) d is the uncorrected base water potential for that percentile, and m is the slope of the relationship between Y b (G) and temperature at temperatures above T d .
Results and Discussion
Initial Characterization of Dormancy and Viability. Differences in the germination behavior of fierce thornapple and velvetleaf seeds were observed. Whereas in fierce thornapple some dormancy mechanism seems to be involved, in the case of velvetleaf the lack of germination is apparently due to the seed coat (Table 1) . In this sense, the results point to the presence of dormancy in fierce thornapple, because of: (1) a significant effect with fluridone + GA (in seeds collected in 2005, germination reached 41% after this treatment, compared with 10.5% in the control) was observed; (2) the cumulative germination of fierce thornapple seeds did not reach 100% (the maximum germination was 73% in naturally chilled seeds collected in 2005) at any treatment; and (3) the low percentage of germination in the seeds of fierce thornapple collected in 2006, even after pricking where a maximum percentage germination of 14% was observed. These results are in agreement with those reported in the literature (Botto et al. 1998) , suggesting that, under field conditions, seeds of fierce thornapple are released from dormancy in two steps, the first one during the spring of the first year and the second step during the subsequent winter.
The high sensitivity to light perceived by phytochromes has long been known to be involved in dormancy mechanisms of fierce thornapple (de Miguel et al. 2000; Sánchez and de Miguel 1997; Sánchez et al. 1986 Sánchez et al. , 2002 , and a minimum period of burial would be needed to reduce or eliminate the light requirement and induce seed germination. On the other hand, the seeds of velvetleaf only germinated in the pricking treatment, even those recently harvested (seeds collected in 2006), indicating that the germination would be prevented by seed coat impermeability. The lack of embryo dormancy in velvetleaf has been known previously. Winter (1960) reported that germination is prevented by the seed coat impermeability and that even immature seeds could germinate after scarification.
Hydrothermal Time Models of Fierce Thornapple. Significant differences between naturally chilled and nonchilled seeds in fierce thornapple were observed. Whereas the percentage of germination in naturally chilled seeds was suitable to construct models, in the case of nonchilled seeds collected in 2004 this percentage was not sufficient to model the germination (Figure 2 ). In naturally chilled seeds, the percentage of germination in water (0 MPa) was similar at temperatures of 15.5 and 19.7 C, and it was reduced as temperature increased above 19.7 C in both years. At 19.7 C, percentage of seeds germinating was progressively reduced by water potentials below 20. (Rowse and Finch-Savage 2003) , so that the residual sum of squares of the difference between observed and predicted germination percentages was minimum ( Table 2 ). The germination response to the full range of temperatures and water potentials was accommodated in the temperature-corrected hydrothermal time model (Equation 3). However, a better description of germination at temperatures of 19.7 C and below was observed, which was progressively worse as temperature increased to 25 C and above ( Figure 2) . As Rowse and Finch-Savage (2003) reported, the poor fit at higher temperatures occurs because the fitting procedure provides the best fit of the model to the whole population of seeds in an attempt to provide a good description of the full data set.
To assess the possibility of establishing a general model from the hydrothermal models developed using data from different seed populations, a comparison of the 2 yr was performed (Table 2) . Although significant differences in the germination response of naturally chilled and nonchilled Table 2. populations were observed, the estimates of hydrothermal parameters T b , T d , Y b (50), and s Yb were similar in naturally chilled seeds from the 2 yr. Taking into consideration that the treatment of burying the seeds in the soil would be more similar to the natural situation than laboratory storage, the results point to a general and more realistic model when using the data observed in naturally chilled seed populations.
The main differences in the hydrothermal patterns of fierce thornapple were found in Y b (50) values, which were more negative in naturally chilled than nonchilled seeds. In fact, for the seeds collected in 2005, Y b (50) was 20.23 MPa for laboratory-stored seeds and dropped to 20.85 MPa in naturally chilled seeds. The ecological meaning of a change to more negative values in the Y b (50) distribution would be an increase in the rate of germination for all seeds in the population as well as the stimulation of the germination (dormancy loss) in those seeds with Y b above the environmental water potential (Alvarado and Bradford 2002; Bradford 1996; Ni and Bradford 1993) . Several authors have proposed to model dormancy loss on the basis of decreasing Y b (50) so that this single hydrothermal parameter could be used to predict dormancy loss in germination experiments (Allen and Meyer 2002; Alvarado and Bradford 2005; Bauer et al. 1998; Christensen et al. 1996) . Seed priming (Bradford and Haigh 1994; Rowse et al. 1999 ) might also explain the reduction in germination time and the increase in percentage germination occurring in the naturally chilled seeds. This priming effect could be a consequence of alternate wetting and drying, chilling and thermal shock, to which the buried seeds were exposed (Figure 1) , and may possibly explain the shift in Y b (50) and, consequently, the increased probability of germination in naturally chilled seeds.
The models gave similar mean base water potential estimation for naturally chilled seeds that had been collected in 2004 and 2005 (Table 2) . However, the standard deviation of Y b was notably higher for 2004 seeds than those collected in 2005, indicating a greater spread in time to germination. Debaene-Gill et al. (1994) found that seeds stored after drying at low water potentials could show delayed and asynchronous germination once they are rehydrated.
A further comparison of the hydrothermal time models can be made by applying the factor of normalization (1 2 [Y/ Y b {G}])t(G) proposed by Bradford (1990) to the germination time courses across a range of water potentials. On this timescale, the time courses at different water potentials were normalized to the predicted time courses at 0 MPa. Since this approach is not well adapted to supraoptimal temperatures, as a consequence of the increase of Y b (G) related to the increase of T (Alvarado and Bradford 2002), only suboptimal temperature was used to normalize the germination time courses. The results confirmed that both the timing and the extent of germination were significantly different in naturally chilled and in nonchilled seeds (Figure 3a ). This figure also illustrated the above-indicated differences in the final extent of germination in the seed collected in 2004 and 2005. In addition, the response of each seed population to the chilling treatments can be illustrated by plotting the normal distribution of Y b (G) using the median or Y b (50) and its standard deviation s Yb (Figure 3b ). In naturally chilled seeds, the Y b (50) distribution shifted to more negative values.
The sharp reduction in final germination percentage as well as the timing delay in germination of stored nonchilled seeds compared with the naturally chilled seeds raise several questions. These questions include the influence of the type of seeds, the conditions of storage, and the treatment of the seeds before the germination tests on the embryo and its germination capacity. It is possible that the results of this study would be very different if naturally chilled seeds had not been used. In fact, the apparent break of dormancy associated with the natural chilling of fierce thornapple seeds allowed good and reproducible hydrothermal time models to be obtained. Conversely, the scarce germination observed in nonchilled seed populations (mainly in the first year) did not lend itself to the construction of an accurate hydrothermal model. Table 2 ).
Hydrothermal Time Models of Velvetleaf. Maximum percentage of germination was similar in both the naturally chilled and nonchilled seeds of velvetleaf (Figure 4) . The response to temperature observed in pure water and at water potential of 20.25 MPa was almost constant from 10.0 C to 30.8 C. Only at 4.9 C were a delay and a reduction of the germination percentage (approx. 75% germination after 550 h of incubation in pure water; data not shown) recorded. The percentage of seeds germinating was progressively reduced by water potentials below 20.5 MPa, mainly at 10.0 C and below. Some differences in the germination pattern from naturally chilled and nonchilled seeds occurred at the lowest water potentials (below 20.5 MPa) and at temperatures above 19.7 C and below 15.5 C, where the percentage of germination consistently decreased in nonchilled seeds. In contrast to fierce thornapple, estimates of hydrothermal parameters did not show significant differences between naturally chilled and nonchilled seeds of velvetleaf. Since this approach seems to work in both seed treatments, there is a real possibility of establishing a general model from the hydrothermal parameters estimated with data from different seed populations, but importantly this model would only be valid for velvetleaf seeds that have lost the seed coat impermeability, for example following some natural damage to the seed coat after a period in the soil. The small differences observed in Y b (50), in addition to the high germination percentage in both natural chilling and nonchilling treatments, confirm the absence of embryo dormancy mechanisms in this species (Winter 1960) .
Normalization of the time courses at different water potentials in the range of suboptimal temperatures further illustrates the similarity in the germination response between naturally chilled and nonchilled treatments (Figure 5a) , with no significant differences in the timing and extent of germination between the seed populations. The lack of variability in the times taken to germination among the seeds was a reflection of the small differences in their Y b (G) distribution (Figure 5b ).
In conclusion, different patterns of germination response in fierce thornapple and velvetleaf were found. Whereas some Table 2 ). type of embryo dormancy seems to be involved in fierce thornapple, the germination of velvetleaf would only be prevented by the impermeability of seed coats. This is in agreement with the broad emergence periodicity generally observed in the field for fierce thornapple and with the short emergence period observed in velvetleaf (generally coinciding with the start of cultivation) in the conditions of central Spain (Dorado et al. 2009 ). Dormancy is likely to be responsible for the asynchronous establishment of fierce thornapple over a wide range of conditions for different lots within the soil seedbank. In contrast, the germination response of velvetleaf only depends on the proportion of seeds able to germinate in optimal conditions (temperature optimum of 16 C), which occur during the first corn growth stages, and possibly following some mechanical damage to the seed coats making them permeable during seedbed preparation.
Hydrothermal time provided a good description of the germination time course for both weed species, but, in the case of fierce thornapple, only naturally chilled seeds (those that were pretreated in natural conditions during a 2-mo period) were useful to elaborate an accurate model. The natural chilling treatment seems to provide the most useful data for the development of the hydrothermal time model, and importantly the seeds have been exposed to conditions most similar to those found in a naturally occurring seedbed environment. In contrast, germination tests using fierce thornapple seeds that were stored in constant temperature and humidity levels did not provide such good information since the scarce final percentage germination was not sufficient to develop a precise model.
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